We studied the effect of electric field orientation on the point-spread function ͑PSF͒ of a 4Pi microscope. We show that in a standard 4Pi arrangement the orientation of the field can be used for changing between constructive-and destructive-mode 4Pi microscopy. The effect is counteracted by introduction of a phase shift of into one of the half-arms. This compensation is compulsory during illumination with unpolarized or circularly polarized light. By performing our experiments with 1.2-N.A. water-immersion lenses, we demonstrate that water immersion is suitable for 4Pi confocal microscopy. At a two-photon excitation wavelength of 1064 nm, the water 4Pi confocal PSF features an axial lobe of 40% above and below the focal plane, which, by linear filtering, can be unambiguously removed. The measured axial full width at half-maximum of the PSF is 240 nm. This is 4.3 times narrower than its single-lens confocal counterpart. The 4Pi confocal microscope sets a new resolution benchmark in threedimensional imaging of watery samples.
Introduction and Theoretical Background
Featuring a four-fold increased axial resolution over confocal fluorescence microscopy, 4Pi confocal fluorescence microscopy 1,2 is the far-field light microscope with the highest three-dimensional ͑3D͒ resolution at present. Its superior resolution has been demonstrated with fluorescent point objects 3 as well as with biologic specimens such as mouse fibroblast cells. 4 -7 Two-photon excitation 4Pi confocal microscopy obtains an axial resolution of ϳ140 nm at an excitation wavelength of exc ϭ 750 -800 nm. In combination with image restoration, 4Pi confocal microscopy obtained for the first time to our knowledge a 3D far-field resolution in the 100-nm range. This resolution is similar to that obtained with near-field optical microscopy in biological applications, but the advantage of the 4Pi confocal microscope is that the images are three dimensional and from the cell interior. 4 -7 The improved axial resolution stems from the coherent use of focused, spherical wave fronts from two opposing objectives of high numerical aperture ͑N.A.͒. The coherently added spherical wave fronts correspond to an increased aperture along the optic axis, which inevitably results in a point-spread function ͑PSF͒ with a narrower main maximum. The coherent superposition can be performed for the illumination wave fronts ͑4Pi microscopy of type A͒, for the emitted wave fronts in a pinhole ͑type B͒, or, for highest resolution, for both ͑type C͒. 2 In the Fourier domain the narrowing of the main maximum is equivalent to an optical transfer function ͑OTF͒ with a three-to four-fold enlarged bandwidth along the optic axis. 8, 9 In a 4Pi microscope of type A the illuminating wave fronts stem from a common point source whose wave fronts are split by a beam splitter and guided to the lenses along matched optical paths. The field in the focus is the sum of the amplitude PSF's H 1,2,ill of two opposing lenses ͑1 and 2͒:
H ill,4Pi ͑r, z͒ ϭ H 1,ill ͑r, z͒ ϩ H 2,ill ͑r, Ϫz͒exp͑i͒. (1) The phase factor exp͑i͒ expresses the phase difference between the two wave fronts that usually originates from the difference of the path lengths of the two illumination arms. In a practical setup, is adjusted by means of changing the optical path length of one of the arms by means of a piezodriven mirror. Constructive interference results in an intensity PSF featuring a main maximum and axial lobes on either side.
It is crucial to realize that interference alone does not improve the resolution. Illumination or detection through both lenses alone results in a modulated PSF of a conventional microscope, 10,11 the OTF of which is known to have a missing cone along the optic axis. In addition, the several sidelobes present lead to ambiguities in the image. 11 To obtain a genuine increase in axial resolution, the lobes have to be suppressed, which in our microscope is achieved through confocalization, two-photon excitation, or a combination of both. 12 Confocalization means that the intensity 4Pi PSF is multiplied by a detection intensity PSF h det , as expressed in
whereby h conf,4Pi denotes the effective ͑intensity͒ PSF of the microscope and h det the intensity PSF of the confocal detection calculated at the emission wavelength, em Ϸ exc ͞n, whereby n ϭ 1, 2, 3, . . . , is the order of excitation. Use of a confocal pinhole fills the missing cone in the OTF and suppresses the higherorder lobes of the 4Pi illumination PSF. 8, 12 n-photon excitation ͑usually n ϭ 2͒ has similar consequences. This is because the illumination PSF is raised to the nth power and also because the emitted wavelength is ϳ1͞n of the excitation wavelength, which leads to a comparatively narrow detection PSF. 12 The use of focused wave fronts in conjunction with either multiphoton excitation of the fluorophore or the confocal detection ensures that the OTF does not vanish within its region of support. 8 Both from the aforementioned reasoning and from the basic idea of 4Pi microscopy it is evident that the use of high semiaperture angles ␣ is imperative. 2 As a direct consequence of the ϳ1͑͞sin ␣͒ 2 dependence of the axial FWHM of a single-lens PSF, the reduction of the aperture angle ␣ would rapidly result in an elongated PSF and in the 4Pi case in a large number of lobes that spoil the resolution. 13 Therefore 4Pi confocal microscopy has hitherto exclusively been carried out with 1.4-N.A. oil-immersion lenses. These lenses feature a nominal aperture angle of ␣ ϭ 68°, which is the angle of commercially available coverslip corrected lenses. With these lenses the theoretical two-photon excitation 4Pi confocal PSF features axial lobes Ͻ15%. 12 Experimentally we found a relative height of 25-40% with the variation stemming from residual aberrations in a practical system. 4 -7 Objective lenses with lower ␣, such as the water-immersion lenses, are expected to produce higher lobes.
Unfortunately, the use of oil-immersion lenses has limited 4Pi confocal microscopy to glycerol-mounted specimens whose refractive index ͑ ϭ 1.47͒ is close to that of the immersion oil ͑ ϭ 1.51͒. Even so, the residual mismatch in refractive index introduces a phase shift that has to be compensated during axial scanning. 4, 6 In the case of focusing with oil lenses into water, strong spherical aberration and phase shifts would preclude the viability of 4Pi confocal microscopy. When relying solely on oil-immersion lenses, 4Pi confocal microscopy would not be applicable to live cell imaging.
Since the mismatch problem also occurs in standard confocal and multiphoton imaging, 6 highaperture ͑N.A. ϭ 1.2͒ water-immersion lenses have recently been developed. The use of these lenses almost eliminates refractive-index-mismatchinduced spherical aberration when one focuses into watery specimens. With the same refractive index on both sides of the coverslip, ͑4Pi ͒ confocal imaging of watery samples with water-immersion lenses is not expected to involve any mismatch-induced phase shifts or aberrations. 6 However, the question remains as to whether the smaller-aperture angle of ␣ ϭ 64°of these lenses would leave lobes that are low enough to allow for unambiguous sidelobe removal and therefore 4Pi confocal imaging. This question cannot be satisfactorily answered by a theoretical calculation, because the results predicted by highaperture theories may deviate too much from those found in experimental studies. Uncertainties also arise from the lack of knowledge about the behavior of these lenses in the infrared regime. Therefore the properties of a 4Pi arrangement with waterimmersion lenses can be established only on the basis of an experimental study.
In addition, although 4Pi microscopy has usually been carried out with constructive interference ͑ ϭ 0, 2, . . .͒, in a recent paper, 14 destructive-mode 4Pi confocal microscopy was introduced. It was shown that destructive-mode interference 4Pi confocal microscopy of type A provides similar resolution in the sample. Moreover, by recording the 4Pi images both ways, we obtain additional reliability of the recorded data.
We carried out the following research with two objectives in mind. First, we studied the role of polarization in the 4Pi confocal setups used for imaging to this end. As a result we propose a convenient way to switch from constructive to destructive mode and vice versa, induced solely by the change of the orientation of the illuminating field with respect to setup plane. Second, by carrying out the experiments with the N.A. ϭ 1.2 water-immersion lenses, we investigate the feasibility of water-immersion 4Pi microscopy. We finally demonstrate that, in spite of their lower-aperture angle, water-immersion lenses deliver 4Pi confocal PSF's with sharp main maxima and lobes sufficiently low to allow for a fundamental improvement of axial resolution in 3D imaging of watery specimens.
Results
For our experiments we used water-immersion lenses featuring a specified N.A. of 1.2 ͑Leica Planapo, 63ϫ, 1.2-W korr, Leica, Wetzlar, Germany͒. The lenses were corrected for standard glass coverslips with 170-m thickness. Manufacturing tolerances of the coverslip could be counterbalanced with a correction collar introducing spherical aberration of the opposite sign.
Before starting our experiments on two-photon 4Pi confocal microscopy, we investigated the effect of the correction collar and its optimum position for our setting. For this purpose we determined the axial resolution as a function of the collar position. We accomplished this by measuring the two-photon z response to an infinitely thin fluorescent layer for a single lens:
The fluorescence layer consisted of a monomolecular polydiacetylene layer exhibiting bright fluorescence upon two-photon excitation in the near infrared. 15 We excited at exe ϭ 1064 nm, using a diode-pumped SESAM mode-locked Nd:YVO 4 laser ͑Time Bandwidth Products, Zü rich, Switzerland͒, emitting a train of 7.1-ps pulses at a repetition rate of 200 MHz.
In the detection path we inserted a set of filters consisting of 4-mm KG3 color glass ͑Schott, Mainz, Germany͒. The emitted fluorescence spectrum was in the range of 540 -650 nm. Figure 1͑a͒ shows the z response I͑z͒ as a function of the collar position. We did not use a confocal pinhole, since we intended to establish the focusing performance of the lenses as a function of the collar position. The numbers on the abscissa indicate the position of the collar as engraved on the lens. The measurement reveals that the collar efficiently alters the response. The introduced spherical aberration can be noticed as a pronounced change in maximum intensity ͓Fig. 1 ͑a͔͒ and the full width at halfmaximum ͑FWHM͒ of the z response ͓Fig. 1͑b͔͒. We found that, for the optical conditions in our experiments, adjusting the collar to the correction value for 170 m proved to provide the least total amount of spherical aberration. Hence, apart from the measurement of the cover glass thickness, a special adjustment is not required.
Importantly, comparison of Fig. 1͑a͒ with 1͑b͒ 
Illuminating both objective lenses with linearly polarized light ͓Fig. 2͑a͔͒ allowed us to investigate 4Pi confocal imaging of type A. The 4Pi setup was confocalized with a pinhole diameter corresponding to 0.78 times the backprojected Airy disk. To measure the 4Pi confocal PSF, we imaged a fluorescent latex bead of ϳ110-nm diameter, which is of subresolution dimensions. Figure 2͑b͒ ͑top͒ shows the axial section of the constructive interference 4Pi confocal PSF as obtained with N.A. ϭ 1.2 water-immersion lenses. In general, the experiments revealed a 4Pi confocal PSF with a main diffraction maximum of 240 Ϯ 20 nm ͑FWHM͒ and lobes of 35-43%. These parameters are clearly suitable for water-immersion 4Pi confocal imaging, because, first, the PSF features only one pronounced lobe on either side, and second, the height of the lobes is below 50%, which is important for their online removal by linear filtering. The optical path length of the two arms can be equalized or adjusted to feature a phase difference of ϭ m, with m ϭ 0, Ϯ2, Ϯ4, . . . , by means of a piezodriven mirror.
Let us now assume that we illuminate with s-or p-polarized light. The light hits the dividing surface of the beam splitter and the mirror at an incidence angle of 45°. According to Fresnel's equations, the illuminating light undergoes a phase change upon each reflection. In the ideal case of perfect conductivity, metallic mirrors induce a phase change of s ϭ p ϭ for both s-and p-polarized light. The same applies to a dielectric surface below the Brewster angle and to an ideal nonabsorbing beam splitter. In practice, however, the residual absorption in the hybrid splitter used ͑Melles Griot, BS 700-1100 nm͒ as well as the finite conductivity of the metallic mirrors will induce a small phase shift between the sand the p-polarized components. However, this phase shift is not strong enough to compromise a polarization experiment based on the following reasoning.
The ideal phase change of upon each reflection is depicted in Fig. 2͑a͒ as a change of orientation of the field with respect to the direction of propagation k. Therefore working out of the polarization state after each reflection now suggests that, although for s-polarized illumination the 4Pi illumination will be in the constructive mode, for p-polarized light it will be in the destructive mode. As a consequence, a simple rotation of the polarization by 90°should switch the 4Pi PSF from constructive to destructive mode, or vice versa.
To substantiate this reasoning, we inserted a ͞2 plate ͑1064 nm, zero order͒ into the illumination path, which, by rotation of the plate by , allowed us to rotate the polarization by the angle 2. Figure  2͑b͒ shows the measured axial profiles of the 4Pi PSF and their intensity profile along the optic axis, for varying orientation of the polarization. For 2 ϭ 90°t he initially nearly constructive 4Pi confocal PSF now displays destructive interference. The destructive interference can be recognized from the intensity minimum at the geometric focus ͑r ϭ 0, z ϭ 0͒ and the two pronounced peaks. It is readily explained by means of sketching the relative orientation of the field in the geometric focus ͓͑Fig. 2͑a͔͒. Further rotating the polarization by another 90°brings back the constructive mode of the 4Pi confocal PSF. By blocking one of the lenses, we obtain the corresponding water-immersion two-photon confocal PSF, which is shown at the bottom of Fig. 2͑b͒ . For 2 0, 90°, 180°the interference in the two-photon 4Pi confocal PSF is less pronounced and not really useful for resolution increase. This is anticipated, since at these angles the field can be decomposed into significant sand p-polarized components, which exhibit adverse interference.
We can counteract this effect by inserting a ͞2 plate into one of the arms of the setup, as shown in Fig. 3͑a͒ . The fast axis of the ͞2 plate is oriented parallel or perpendicularly to the plane of the setup so that it introduces a phase shift of for either the s or the p orientation. As a result the 4Pi confocal PSF is expected to remain unaffected by the change of the orientation of the electric field. This is demonstrated in the experiment of Fig. 3͑b͒ where the first ͞2 plate was rotated again ͓Fig. 3͑c͒, left-hand side͔. The measurement shows that the 4Pi confocal PSF remained constructive.
Another interesting situation arises when circularly polarized light is used. In Fig. 4͑a͒ we investigated the effect of circularly polarized light in 4Pi illumination by placing a ͞4 plate into the incoming linearly polarized beam. Rotation of the ͞4 plate changes the polarization of the illuminating beam from linear ͑ ϭ 0°͒ to elliptic and circular ͑ ϭ 45°͒, etc., as shown in Fig. 4͑c͒ ͑left-hand side͒. Figure  4͑c͒ ͑right-hand side͒ shows the orientation of the polarization in the geometric focus. It displays that illumination with circularly polarized light leads to counterclockwise rotation of the two fields, which is expected to wash out the interference pattern. Whereas for linear polarization the intensity 4Pi confocal PSF is well pronounced ͓Fig. 4͑b͔͒, in the case of circular polarization the interference is compromised Fig. 2 . ͑a͒ 4Pi confocal microscope and relative orientation of the electric field. The rotatable ͞2-plate changes the polarization of the incoming field E; is the angle between the axis of the plate with respect to the plane of the setup. BS denotes a neutral beam splitter, and k is the wave vector. ͑b͒ Measured 4Pi confocal PSF's: xz sections containing the optic axis ͑left-hand side͒ and corresponding profiles along the optic axis ͑right-hand side͒. The confocal PSF is shown for comparison ͑below͒. ͑c͒ Orientation of the polarization before the beam splitter ͑left-hand side͒ and the corresponding orientation of the polarization of the two beams at the focal point for a multiple of 2 phase delay between the paths. Note that the change of the orientation of the fields ͑change of 2 from 0°to 90°͒ changes the 4Pi PSF from constructive to destructive mode. and a strong background shoulder is found. However, if a ͞2 plate is placed with one of its axes into one of the arms of the 4Pi confocal microscope, the effect is counterbalanced ͑Fig. 5͒. The interference remains strongly pronounced irrespective of the orientation of the ͞4 plate. The bottom panel shows again the confocal PSF for comparison.
Evaluation of the 4Pi confocal PSF measurements reveals a relative height of the lobes of typically 39%. Since the height is significantly lower than 50%, we can remove the effect of the lobes in the image by a linear point deconvolution. 7, 16 Point deconvolution uses the fact that in a good approximation, the 4Pi confocal PSF can be factorized into a radial and an axial function. The axial function can be written as a convolution of the function describing the axial be- Fig. 3 . ͑a͒ As in Fig. 2 , however, with a ͞2 plate with the fast axis perpendicular to the plane of the setup. In contrast to Fig. 2 , the structure of the constructive-mode 4Pi confocal PSF remains unchanged upon rotation of the first ͞2-plate. havior of a single peak, h peak ͑r, z͒, and the lobe function describing the position and the relative height of the lobes:
By deconvolving h conf,4Pi with the function l z acts as a fast linear filter that can be applied during data acquisition, as described elsewhere. 6, 7, 16 Ultimately, an effective 4Pi confocal PSF consisting of a single peak remains, given by h peak ͑r, z͒. Owing to the linearity of the imaging process, sidelobe removal by linear filtering is applicable to whole data stacks.
The effective PSF h peak ͑r, z͒ is shown in Fig. 6 along with the confocal PSF. The comparison reveals a fundamentally narrower effective PSF in the 4Pi confocal case. Whereas the axial FWHM of the confocal PSF was determined to be 1040 Ϯ 50 nm, its 4Pi confocal counterpart was found to be 240 Ϯ 20 nm. This amounts to an improvement of the axial resolution in water-immersion far-field light microscopy by a factor of 4.3.
Discussion and Conclusions
Our study reveals that, in spite of the lower-aperture angles involved with water-immersion lenses, twophoton excitation 4Pi confocal water-immersion microscopy is feasible. In addition, the study demonstrated that, when 4Pi microscopy is performed with the standard setup shown in Figs. 2-5 , linearly polarized light oriented either parallel or perpendicularly to the plane of the setup should be used. To minimize the orientation angle of the excitation light with respect to the excitation transition dipoles of the fluorophores, random or circular polarization is used in many standard confocal microscopes. Our study reveals that random or circular polarization can be used only if a ͞2 plate is placed in one of the two arms of the 4Pi microscope.
Careful investigations of the experimental PSF's show that, although the change of field orientation Fig. 3 ; note the unchanged structure of the constructive-mode 4Pi confocal PSF for varying orientation of the ͞4 plate. indeed leads to the predicted effects, small deviations from the optimum value are present. For example, in Fig. 3͑b͒, center panel, for 2 ϭ 90°we find that the PSF is not perfectly constructive. The same applies to Fig. 5͑b͒ ͑center͒. Likewise, in the center panel of Fig. 4͑b͒ ͑circular polarization͒ the PSF features a residual, somewhat asymmetric modulation. The observed deviations are in fact anticipated as a direct consequence of the slightly elliptical polarization induced by the hybrid beam splitter and also to a lesser extent by the metallic mirrors. In these components the phase changes at reflection are not exactly , so that the light is slightly elliptically polarized. 17 We measured the polarization state of the light in front of each objective lens, using a Berek compensator ͑New Focus, Santa Clara, California͒ and established the difference ⌬ between the relative phases of the pairs of s-and p-polarized counterpropagating beams. We found a small, nonvanishing difference of ⌬ ϭ 0.13. Therefore, during switching from s to p polarization or vice versa, ⌬ causes a slight deviation from the simplified case in the sketch. Because of the residual ⌬, the s and the p components cannot be in perfectly opposite modes at the same time so that a slight asymmetric modulation remains in the case of circular polarization ͓Fig. 4͑b͒, center͔. The modulation is further amplified by the quadratic dependence of two-photon excitation from the intensity. Of course, when linearly polarized light is used, the residual phase shift ⌬ can be counteracted by a slight movement of the piezomirror. Also important is the fact that it can be avoided when we ensure that the beam splitter and mirrors induce an ellipticity that is as low as possible. The switching of the mode of interference from constructive to destructive and vice versa by means of the orientation of the polarization is striking and an interesting alternative to moving a piezomirror.
So far 4Pi confocal microscopy has been carried out with the arrangement shown in Figs. 2-5 . This arrangement has the advantage that the beams are guided along rectangular paths. However, if we arrange the 4Pi confocal microscope in a triangle with two mirrors and a splitter, the polarization-induced phase change will not take place. Still, the phase jumps have to be taken into account when we consider the mode of interference for a given path length.
We further note that the FWHM of the planar response I͑z͒, 1200 Ϯ 50 nm, is slightly larger than the FWHM of the single-lens confocal PSF, 1040 Ϯ 20 nm, because in the latter case the system was confocalized. The series of PSF measurements shown in Figs. 2-5 as well as the successful application of the point deconvolution proves the suitability of the 1.2-N.A. water-immersion lenses for 4Pi confocal microscopy. This is an important outcome, since it opens up the prospect of 4Pi confocal imaging of watery specimens. Because the measured FWHM of highaperture water-immersion lenses is ϳ1040 nm, the axial FWHM of 240 nm found with 4Pi confocal microscopy sets a new lower benchmark in highresolution imaging of watery media with the potential of fundamentally improving the 3D resolution in live cell microscopy.
